Approximately 50% of cancer patients receive radiation treatment, either alone or in combination with other therapies. Tumor hypoxia has long been associated with resistance to radiation therapy. Moreover, the expression of hypoxia inducible factors HIF1␣ and/or HIF2␣ correlates with poor prognosis in many tumors. Recent evidence indicates that HIF1␣ expression can enhance radiation-induced apoptosis in cancer cells. We demonstrate here that HIF2␣ inhibition promotes tumor cell death and, in contrast to HIF1␣, enhances the response to radiation treatment. Specifically, inhibiting HIF2␣ expression augments p53 activity, increases apoptosis, and reduces clonogenic survival of irradiated and non-irradiated cells. Moreover, HIF2␣ inhibition promotes p53-mediated responses by disrupting cellular redox homeostasis, thereby permitting reactive oxygen species (ROS) accumulation and DNA damage. These results correlate with altered p53 phosphorylation and target gene expression in untreated human tumor samples and show that HIF2␣ likely contributes to tumor cell survival including during radiation therapy.
M
any cellular responses to hypoxia are mediated by the hypoxia inducible factors (HIFs). These transcription factors promote the expression of over 200 genes (1) and are heterodimers consisting of either HIF1␣ or HIF2␣ bound to the HIF␤/ARNT subunit. While ARNT is constitutively expressed, both HIF␣ subunits are regulated by O 2 availability. Under normoxia, the von Hippel-Lindau (VHL) E3 ligase complex targets HIF␣ subunits for proteasomal degradation (2) . When O 2 levels decline, the HIF␣ subunits are stabilized, bind ARNT, and activate the expression of target genes providing hypoxic adaptations.
Solid tumors are characterized by oncogenic signaling and hypoxic microenvironments that promote HIF␣ accumulation (3) . Moreover, HIF1␣ and/or HIF2␣ expression has been associated with increased tumor vascularization and poor prognosis of numerous cancers such as breast, ovarian, and non-small cell lung cancer (2, 4) . Of note, in mouse xenograft models, HIF2␣ (and not HIF1␣) expression is crucial for growth of clear cell renal cell carcinoma (ccRCC) (5, 6) and neuroblastoma (7) tumors.
TP53 is a tumor suppressor that is mutated or silenced in a majority of human cancers (8) . It coordinates many cellular stress responses by regulating genes involved in DNA repair, cell cycle arrest, and apoptosis. Following stress stimuli, p53 is activated through a variety of post-translational modifications, including phosphorylation on serine 15 (9) . For example, the ataxia telangiectasia mutated (ATM) and checkpoint kinase 2 (Chk2) kinases directly phosphorylate p53 in response to DNA damage, resulting in its activation (9) . Although many tumors select for TP53 mutations, p53 pathway inhibition can also contribute to tumor progression (10) .
With the emergence of HIF inhibitors (11, 12) and their potential use in cancer therapy, it is important to accurately predict the response of HIF␣-expressing tumor cells to treatment. HIF1␣ appears to enhance p53 activation by ␥-radiation (IR), resulting in increased p53 phosphorylation and p53-induced apoptosis (13) . Furthermore, HIF1␣ has been shown to complex with p53 and promote its stability (14, 15) . In contrast, a role for HIF2␣ in p53 pathway regulation and cellular responses to IR has not been reported. It is becoming increasingly clear that HIF1␣ and HIF2␣ can have distinct effects in tumor cells (6, 16) . As HIF2␣ inhibits reactive oxygen species (ROS) accumulation in other contexts (17), we hypothesized that HIF2␣ suppresses p53 activation by reducing ROS levels generated from normal metabolic processes as well as IR treatment, promoting tumor cell survival.
We report here that HIF2␣ deficiency promotes p53 phosphorylation in ccRCC and lung carcinoma cells in culture. Importantly, HIF2␣ expression correlates with decreased p53 phosphorylation and target gene expression in human ccRCC tumor samples. HIF2␣ knockdown results in increased p53 transcriptional activity and cell death before and after IR in ccRCC cells. HIF2␣-deficient cells exhibit increased ATM activity and DNA double strand break formation, as well as elevated ROS levels after IR. Treatment with an ATM inhibitor or the antioxidant butyl-hydroxyanisole (BHA) largely rescues the p53 phenotype, supporting our model that HIF2␣ regulates p53 responses by controlling ROS accumulation. Finally, microarray analysis identified a number of HIF2␣ target genes with antioxidant function. In summary, HIF2␣ inhibition enhances ccRCC cell death by disrupting cellular redox balance, thereby promoting DNA damage.
Results

HIF2␣ Deficiency Promotes p53 Activation.
To assess the effect of HIF2␣ on the p53 pathway, we selected two VHL-deficient human ccRCC cell lines that express HIF2␣ (A498 and 786-O) under normoxic conditions (18) . These cell lines do not produce HIF1␣ and harbor a wild-type TP53 allele (NCI-60 cell line database, 19). We also chose these lines to avoid the confounding factors of HIF1␣ and pVHL expression, described to promote p53 stabilization and activity (20) . Using siRNA, we achieved 80-90% HIF2␣ knockdown in A498 cells (Fig. 1A and Fig. 2A inset) . We probed immunoblots for either total p53 or p53 phosphorylated at serine 15 (pS15-p53), an IR-induced modification associated with increased p53 activity. Compared to controls, HIF2␣ knockdown led to elevated baseline pS15-p53, which was increased upon exposure to 2 and 10 Gray (Gy) IR (Fig. 1 A) . Concomitantly, we observed increases in baseline p53 protein levels, which were augmented by IR. These results suggested that HIF2␣ expression correlates with decreased pS15-p53 and total p53 protein levels in both untreated and IR-treated A498 cells. Of note, the effects were observed with two independent siRNAs (Fig. S1 A) , which were then used in combination for subsequent experiments. Similar results were obtained using 786-O cells (Fig. 1C) . Moreover, we observed that HIF2␣ loss promoted p53 pathway activation in the presence of the pan caspase inhibitor Q-VD-OPh (Fig. S1B ), indicating that p53 activation was not secondary to cell death.
To determine if HIF2␣'s effects occur in a VHL wild-type background, we used A498 cells in which human VHL cDNA has been stably reintroduced (''A498 pVHL''). HIF2␣ knockdown promoted p53 phosphorylation and increased p53 protein levels in A498 pVHL cells under both normoxic (21%) and hypoxic conditions (0.5% O 2 ) (Fig. 1B) , suggesting that low levels of HIF2␣ are sufficient to mediate these effects. Interestingly, 786-O cells that stably express human VHL (''786-O/WT8 cells'') cultured at 0.5% O 2 for 24 h exhibited HIF2␣ stabilization and a concomitant reduction of pS15-p53 (Fig. 1D ). This finding was further confirmed with wild-type HIF2␣ overexpression in normoxic 786-O and 786-O/WT8 cells ( Fig. S1 C and D) .
Finally, to extend our studies to non-renal cells, we used A549 cells, a wild-type TP53 human lung adenocarcinoma cell line (NCI-60 database) that expresses wild-type pVHL, HIF1␣, and HIF2␣ (21) . In these cells, HIF2␣ knockdown resulted in significant increases in p53 protein levels and pS15-p53 (Fig. S1E) . We concluded that HIF2␣'s effects on p53 are not limited to ccRCC or cancer cells exclusively expressing HIF2␣.
HIF2␣ Inhibition Promotes p53 Target Expression, Cell Death, and Cell
Cycle Arrest. We next investigated the cellular outcome of HIF2␣-mediated p53 inhibition. Transcript levels for several p53 targets were measured in irradiated and non-irradiated A498 cells treated with HIF2␣ siRNA. IR-treated control cells showed only minor increases in Bax, Noxa, and 14-3-3 mRNAs, and modest but reproducible increases in Puma and MDM2 expression (Fig. 2 A) .
Compared to control cells, however, HIF2␣ knockdown cells showed a marked increase in 14-3-3 (5-fold), Puma (3-fold), and MDM2 (2-fold) mRNAs and a subtle increase in Bax transcripts, while the expression of Noxa (Fig. 2 A) and a number of other known p53 targets (Fig. S2 A) did not change significantly. Microarray analysis (see below) revealed increased expression of additional p53 targets (22) , including XPC (q ϭ 3.77), p53 apoptosis effector related to PMP-22 (q ϭ 6.27), TP53IP (q ϭ 2.28), TRIAP1 (q ϭ 6.27), and cell death-inducing protein (q ϭ 5.03).
Consistent with the QRT-PCR data, HIF2␣ knockdown led to a 4-fold increase in 14-3-3 and a 2.5-fold increase in Puma protein levels by immunoblot ( Fig. 2B and Fig. S2B ). In addition, changes in Puma expression correlated with a 5-fold increase in caspase 3 cleavage in response to 10 Gy IR (Fig. 2B ). Elevated cleaved caspase 3 levels were also observed in non-irradiated HIF2␣ deficient cells relative to controls (Fig. S2B ). These data suggest that HIF2␣ inhibits the expression of a subset of p53 target genes involved in apoptosis and cell cycle arrest. Moreover, HIF2␣'s effects on 14-3-3, Puma, and caspase 3 cleavage were abrogated by p53 knockdown and are thus p53-dependent (Fig. 2B) .
We next investigated whether HIF2␣ inhibition promotes cell death. HIF2␣ knockdown led to a 3-fold increase in baseline subG1 DNA content (5.3% in control cells versus 17.9% in H2 knockdown cells), consistent with decreased viability (Fig. 2C ). Twenty-four hours after 2 Gy IR exposure, 4.6-fold more HIF2␣ depleted cells were detected in subG1 relative to controls (29.9% vs. 6.4% subG1) (Fig. 2C ). While additional increases in the percent of HIF2␣-deficient cells in subG1 were not observed after 10 Gy IR, significantly more HIF2␣ knockdown cells were in subG1 than controls (23.7% vs. 7.7% subG1) (Fig. 2C) . Similar increases in cell death were detected using two independent siRNAs (Fig. S3A) . Moreover, A498 pVHL cells treated with HIF2␣ siRNA exhibited a statistically significant decrease in viability after 10 Gy IR under hypoxic conditions, indicating the effect of HIF2␣ does not require a VHL-deficient background (Fig. S3B) .
Interestingly, HIF2␣ loss also promoted accumulation of cells in G2/M after IR. Using BrdU incorporation, the number of HIF2␣-deficient cells in the G2/M phase of the cell cycle was significantly increased 24 h after 2 and 10 Gy of IR ( Fig. 2D and Fig. S3C box) .
To assess the effects of HIF2␣ loss on tumor cell cycle progression and cell death beyond 24 h, we performed a clonogenic survival assay. After 11 days in culture, HIF2␣ deficiency led to a 4.9-fold decrease in mean survival fraction (SF)-an established measure of colony formation. HIF2␣ depletion also enhanced radiation treatment as evidenced by 6.1-and 8.6-fold lower survival fractions at 2 and 10 Gy IR, respectively ( Fig. 2 E and F and Fig. S3D ). The effect of HIF2␣ loss on SF was statistically significant by two-way ANOVA (P Ͻ 0.0001). To adjust for the effects of HIF2␣ deficiency without IR, mean SFs of HIF2␣ siRNA groups were normalized to the HIF2␣ siRNA/0 Gy IR SF. The resulting ''H2 siRNA Normalized'' curve slopes lower than the control curve (Fig.  2F) , indicating a trend toward synergy between HIF2␣ inhibition and radiation therapy.
HIF2␣ Deficiency Promotes DNA Damage Accumulation. HIF2␣ inhibition promotes p53 pathway activity; we therefore sought to delineate mechanisms underlying these effects. As HIF2␣ is a transcription factor, we measured p53 mRNA levels in A498 cells treated with control or HIF2␣ siRNA for 48 h (Fig. S4) . HIF2␣ depletion resulted in a subtle increase in p53 mRNA levels, but this change was not statistically significant.
As ATM is the kinase that primarily mediates immediate IRinduced pS15-p53, we assessed its contribution to the p53 phenotype observed in HIF2␣ deficient cells. An ATP-competitive inhibitor of ATM abolished IR-induced pS15-p53 (Fig. 3A) as well as Chk2 phosphorylation (Fig. S5A) , impairing ATM activity. Of note, this inhibitor also largely eliminated the effect of HIF2␣ knockdown on total p53 protein levels in both A498 (Fig. 3A) and 786-O cells (Fig. S5B) . Using the ATM/ATR inhibitor CGK733, we then assessed the contribution of ataxia telangiectasia and Rad3-related (ATR) kinase, which also regulates p53-mediated DNA damage responses. CGK733 reduced IR-induced pS15-p53 and Chk2 phosphorylation ( Fig. S5 A and C) and suppressed the effect of HIF2␣ knockdown on pS15-p53 and total p53 in both A498 and 786-O cell lines (Fig. S5 C and D) . However, effects on p53 with the ATMspecific inhibitor and the ATM/ATR inhibitor were quantitatively similar. This suggested that while ATR may play a minor role in p53 protein level changes, ATM is responsible for the majority of the phenotype. Consistent with this mechanism, Chk2 phosphorylation was increased in HIF2␣ knockdown A498 cells (Fig. 3B) , while HIF2␣ overexpression in 786-O cells (Fig. 3C) reduced Chk2 phosphorylation. We concluded that HIF2␣ knockdown cells may have elevated levels of DNA damage resulting in increased ATM pathway activity.
DNA double strand breaks (DSBs) stimulate the formation of nuclear foci containing the phosphorylated histone variant H2AX (␥H2AX), a direct target of ATM. The number of ␥H2AX foci was increased by HIF2␣ depletion in A498 and 786-O cells, consistent with increased DSBs before and after IR (Fig. 3 D-F) . We directly tested this possibility using pulsed-field gel electrophoresis (PFGE), which separates large DNA fragments from chromosomal DNA to allow visualization of DSBs. In HIF2␣ depleted A498 cells, PFGE revealed an 2.7-fold increase in basal levels of DSBs as well as a 3-fold increase in DSBs immediately after irradiation (Fig. 3G) . These DSBs were largely repaired after 2 h recovery. We concluded that HIF2␣ inhibits DNA damage accumulation, which may explain the commonly observed radioresistance of human ccRCCs.
HIF2␣ Deficiency Activates p53 by Enhancing ROS Accumulation.
Previous studies suggested that HIF2␣ regulates the expression of specific antioxidant genes (17) . Given that IR damages cells by promoting ROS accumulation, we compared ROS levels in control and HIF2␣ knockdown A498 cells using dichlorofluorescein diacetate (DCFDA), a cell permeable dye that fluoresces in response to increased cellular oxidation (Fig. 4 A and B) . Significantly more HIF2␣ deficient cells were DCFDA-positive following IR treatment than control cells, suggesting that HIF2␣ deficiency enhanced IR-induced ROS levels (Figs. 4 A and B) . Consistent with this interpretation, treatment of A498 cells with the antioxidant BHA abrogated HIF2␣ effects on ROS levels (Fig. S6A ) and reduced pS15-p53 before and after 2 Gy IR (Fig. 4C) . Moreover, BHA also decreased total p53 protein levels in HIF2␣ deficient cells (Fig. 4C) . Importantly, BHA had no reproducible effect on pS15-p53 or total p53 levels in control cells. We concluded that HIF2␣ inhibits p53 pathway activation by limiting ROS accumulation, thereby reducing the number of IR-induced DSBs, p53 pathway activation, and cell death.
Although HIF2␣ has been reported to regulate SOD1, SOD2, Gpx1, and Catalase expression (17), HIF2␣ inhibition did not reduce the expression of these genes in A498 cells by QRT-PCR (Fig. S6B) . We therefore conducted microarray analysis of control and HIF2␣ knockdown A498 mRNA to identify HIF2␣-regulated antioxidant genes. Based on microarray and QRT-PCR assays, several genes associated with antioxidant activity were expressed at lower levels in HIF2␣ knockdown cells (Fig. 4D and Fig. S6C ): HMOX1, XIAP, PRDX3, CP, Crystallin, and a putative member of the glutathione peroxidase family (GPX8) (23) (24) (25) (26) (27) (28) .
Human ccRCC Samples Exclusively Expressing HIF2␣ Exhibit Decreased
p53 Pathway Activity. Our in vitro models identified an important HIF2␣ inhibitory effect on p53 activity. To confirm the relevance of this finding in vivo, we assessed p53 phosphorylation and target gene expression in human ccRCC samples of similar histological grade and clinical stage, which had not received cytotoxic therapy. We observed three categories of HIF␣ expression in these tumors (29) : VHL wild type with no HIF␣ expression (''VHL WT''), VHL-deficient tumors expressing HIF1␣ and HIF2␣ (''H1H2''), and VHL-deficient tumors expressing only HIF2␣ (''H2''). To evaluate the relationship between HIF2␣ and p53 phosphorylation in human renal tumors, we performed co-immunofluorescence staining on sections from 25 specimens (four VHL WT, 11 H1H2, and 10 H2). Representative images are shown in Fig. 5A . Of note, we did not detect pS15-p53 in nuclei that were ␥H2AX negative. Consistent with results obtained using cell lines, we observed a significant decrease in pS15-p53 and ␥H2AX positive nuclei in H2 tumors as compared to the other tumor subgroups (Fig. 5B) . Furthermore, immunoblot analysis revealed decreased H2AX phosphorylation in H2 tumors relative to H1H2 samples (Fig. 5C ). H2 tumors also exhibited increased Ki67 ϩ cells (29) , indicating that reduced ␥H2AX staining could not be attributed to decreased proliferation.
The decreased p53 phosphorylation correlated with reduced transcriptional activity, as H2 tumors expressed lower levels of Puma mRNA than VHL WT and H1H2 tumors and reduced levels of 14-3-3 mRNA compared to VHL WT tumors (Fig. 5D) . Moreover, expression profiling identified MDM2 and TP53AP1 as additional p53 targets whose expression was decreased in H2 tumors. QRT-PCR analysis confirmed these findings (Fig. 5E) . Consistent with this result, gene set enrichment analysis demonstrated reduced p53 activity in H2 tumors (FDR ϭ 0.255 for a Broad Institute gene set card for p53 targets) with decreased expression of p53 targets including p21 and cathepsin D. These results indicate that HIF2␣ expression inhibits the p53 axis of DNA damage responses in vivo. Finally, H2 samples exhibited significantly increased expression of HMOX1, CP, and Crystallin in a comparison of all three tumor types, further suggesting a role for HIF2␣ in regulating redox status and suppressing cellular responses to IR in human tumors.
Discussion
It is increasingly clear that HIF1␣ and HIF2␣ have contrasting roles in tumor cell biology, as evidenced by their opposing regulation of c-Myc (16) . Dewhirst and colleagues reported that HIF1␣ stimulates p53 phosphorylation and p53-dependent cell death in cancer cells (13) . Conversely, we demonstrate here that HIF2␣ inhibition promotes p53 activity.
HIF2␣ knockdown enhances pS15-p53 and total p53 protein levels in an ATM-dependent manner and stimulates selective p53-dependent target gene expression in tumor cell lines. These effects correlate with increased G2/M arrest, elevated levels of cell death and decreased colony formation, all of which were stimulated by IR. Of note, it is typical to observe changes in some but not all p53 targets because of factors such as cellular context, posttranslational modifications, availability of specific transcriptional cofactors, and stress category and dosage (22, 30, 31) .
Next, we investigated how HIF2␣ affects p53. HIF2␣ knockdown cells exhibited decreased expression of antioxidant genes and elevated levels of ROS. Moreover, HIF2␣-dependent p53 phosphorylation changes were largely rescued by antioxidant treatment. Therefore, we propose that HIF2␣ regulates multiple antioxidant enzymes, thereby controlling intracellular ROS levels. This regulation limits DNA damage accumulation and p53 activation. These data are consistent with prior studies of Hif2␣ Ϫ/Ϫ mice that exhibit increased ROS and reduced levels of antioxidant enzymes (17) . However, we have identified a distinct set of genes involved in redox homeostasis as HIF2␣ targets. Furthermore, since the ATM inhibitor did not completely rescue the p53 phenotype, we cannot exclude the involvement of other HIF2␣-regulated factors affecting DNA damage levels and/or ATM activity. For example, recent evidence from our lab suggests that HIF2␣ also promotes the expression of several DNA damage repair enzymes (29) .
Given our in vitro results, we assessed p53 phosphorylation in human ccRCC samples. H2 tumors showed reductions in ␥H2AX and pS15-p53, when compared to tumors expressing both H1H2 as well as VHL WT tumors which express neither. Furthermore, H2 samples exhibited reduced expression of p53 targets while having increased levels of antioxidant gene products. Thus, we propose that HIF2␣ inhibits p53 activity in human ccRCCs by modulating cellular redox status (Fig. 5F ). Interestingly, H1H2 tumors exhibited similar rates of p53 phosphorylation as VHL WT ccRCCs, suggesting that when both subunits are expressed, they counterbalance each other. It is unclear why VHL wild-type and H1H2 tumors expressed similar levels of Puma mRNA but different levels of 14-3-3; this might reflect effects of HIF␣/VHL on other pathways regulating 14-3-3. Whether the influences of one HIF␣ subunit predominate over the other will likely depend on factors such as tumor environment, O 2 availability, oncogenic signaling, and relative abundance of each HIF␣ protein.
Whereas HIF1␣ appears to promote IR sensitivity of cancer cells (13), our findings implicate HIF2␣ in tumor cell resistance to radiation therapy. HIF2␣ also affected p53 in the absence of IR, suggesting that HIF2␣ inhibition may be effective alone or in combination with therapies other than radiation. In addition, although HIF2␣ function can depend on tumor type (32), we observed similar effects of HIF2␣ on p53 in lung carcinoma and ccRCC. Further study is needed to evaluate whether our model applies to other cell types (i.e. non-epithelial cells) and other DNA damaging agents. These results strongly encourage the development of specific HIF2␣ inhibitors for use in tumors with an intact p53 stress response pathway (12) .
Materials and Methods
Cell Culture. One hundred micromolar (BHA) (Calbiochem) and 10 M ATM inhibitor (Calbiochem 118500) were used for 24 h before IR.
RNA Interference. siRNAs against HIF2␣ (HsEPAS12 and 4), p53 (HsTP539) and a control siRNA were obtained from Qiagen.
For additional protocols, see SI Text.
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